Objective: To describe the sonographical and pathological features of fetal criss-cross heart (CCH).
Introduction
Criss-cross heart (CCH), first described by Lev and Rowlatt in 1961, is a rare complex congenital cardiac anomaly characterized by distorted atrioventricular (AV) connections and crossed ventricular inflow streams. 1 In such cases, the spatial arrangement of the ventricles is altered early in embryonic development owing to either clockwise rotation or counter-clockwise rotation of the ventricles along the cardiac axis ( Figure 1 ). The reported incidence of CCH is B8 per 1 000 000 live births and it accounts for <0.1% of all congenital heart defects. 2 Accurate prenatal diagnosis is important for prenatal counseling, and postnatal surgical and cardiorespiratory management as early palliative surgery appears to have a favorable impact on functional cardiac status in adulthood. 3 However, the distorted cardiac anatomy together with a high prevalence of associated cardiac defects makes prenatal diagnosis very challenging. To date, only four cases of prenatally diagnosed CCH have been reported in the English literature. 4, 5 Here, we report five cases diagnosed prenatally at our institution from May 2003 through May 2011. The sonographical and pathological features are discussed in detail.
Methods
The Prenatal Diagnosis Center at Shenzhen Maternity and Child Healthcare Hospital in Shenzhen, China, was established as a national prenatal diagnosis training center in 2004, and serves as a referral hospital for patients from throughout China. A comprehensive perinatal database was established in which prenatal and postnatal ultrasound images of all patients are stored along with their demographic and clinical information, including pregnancy outcome, results of genetic analysis and autopsy reports in cases of pregnancy termination. Where possible, data regarding the long-term outcome of infants and children born with congenital anomalies are included. For the purposes of this study, the database was mined to identify consecutive cases of CCH malformations. This study was approved by the Institutional Review Board of the Shenzhen Maternity and Child Healthcare Hospital, which is an affiliation of the Southern Medical University, China.
All prenatal ultrasound examinations were performed on Acuson Sequoia machines (Siemens Medical Solutions, Mountain View, CA, USA) using 4-or 6-mHz curvilinear or 8-MHz phased array transducers. Fetal echocardiography was performed in all cases where fetal anomalies were detected. Fetal echocardiography includes a high abdominal transverse view, a four-chamber cardiac view (4CV), left and right ventricular outflow tract views and a detailed cardiac assessment, including demonstration of the atrial and visceral situs, systemic and pulmonary venous connections, symmetric 4CV, patency and symmetry of the AV valves, both outflow tracts and great arteries, and the ductal and aortic arches, including their positions relative to the trachea. If an aortic arch anomaly is suspected, additional views are obtained, including a coronal view of the trachea and branches, and a coronal view of the descending aorta at the junction of the ductus and arch. In all cases, pulsed and color Doppler flow imaging was also performed to confirm patency of the ventricular inflow tracts, outflow tracts and arches, and to assess the flow patterns in the pulmonary veins, umbilical artery, umbilical vein and ductus venosus. In all cases, the diagnosis was confirmed by postnatal echocardiography for liveborn infants or autopsy for terminated cases. All perinatal ultrasound and fetal echocardiography examinations were performed by physicians specialized in prenatal diagnosis with up to 10 years of experience.
Results
From May 2003 to May 2011, a total of five cases of fetal CCH were identified. Two were referred to our center with suspected fetal cardiac anomalies; the remaining three were detected at our center. The average maternal age was 29.0 ± 8.6 years (range, 22-43 years). The average gestational age at diagnosis was 25.0±3.6 Prenatal diagnosis of criss-cross heart S Li et al weeks (range, 21-30 weeks). All of the patients were nulliparous and none reported any significant medical conditions or family histories.
In all five cases, the 4CV of the heart in the transverse plane through the fetal chest appeared abnormal (Figure 2a and b) . To obtain adequate views of the AV valves, left and right ventricles, and left and right atria, the transducer needed to be tilted and swept carefully from the upper abdomen in a cephalad direction. Careful evaluation revealed the spatial relationship between the cardiac chambers. The left atrium was located to the left, posterior and inferior, and the left ventricle to the right, posterior and inferior of their expected positions. Similarly, the right atrium was located to Figure 2 Representative prenatal echocardiographic findings. While the typical four-chamber view of the heart was not able to be imaged in transverse plane of the fetal chest, the left ventricular inflow tract (LVIT) (a) and right ventricular inflow tract (RVIT) (b) could be displayed by tilting the transducer and sweeping from the upper abdomen to the heart, respectively. In this case, the LVIT lined up from left-posterior to right-anterior position and was inferior to the RVIT (a), while the latter aligned from right-posterior to left-anterior position (b). The spatial relationship of the two ventricular inflow tracts therefore ended up in a supero-inferior and crossing position. Because of their orientation, color Doppler flow imaging could display the two crossing blood streams of the LVIT and RVIT simultaneously in the transverse plane of the fetal chest giving the pathognemonic criss-cross appearance (c). As the ventricles were in a supero-inferior position and the interventricular septum in a horizontal position, the four-chamber view could be obtained only with a sagittal section of the fetal chest (d). DAO, descending aorta; L, left; LA, left atrium; LV, left ventricle; R, right; RA, right atrium; RV, right ventricle; SP, spine; VSD, ventricular septal defect. The RVIT is superior to the LVIT. Thus, the spatial relationship of the two ventricular inlets was in superior-inferior and crossing position and the interventricular septum (IVS) is in spiraling orientation, which is why the 4CV in the transverse plane of the fetal chest was abnormal in all cases. However, a 4C-like view could be displayed in the sagittal plane through the fetal chest ( Figure 2d ). All five cases had other associated heart defects, including ventricular septal defect (n ¼ 5 (VSD)), complete transposition of the great arteries (n ¼ 2 (TGA)), double outlet right ventricle (n ¼ 1 (DORV)), truncus arteriosus (n ¼ 1), pulmonary stenosis (n ¼ 3) and/or pulmonary atresia (n ¼ 1) (Table 1) . Additional non-cardiac anomalies included two cases of single umbilical artery and one case of right microtia. Figure 3 Pathological findings associated with criss-cross heart malformation of case 1. At autopsy, a ventral view of the cardiac anatomy (a) showed that the atria were in situs solitus, the right atrial appendage (RAA) was above the left atrial appendage (LAA), the right ventricle (RV) was superior to the left ventricle (LV), the right ventricular apex pointed to the left, the LV was inferior to the RV, the left ventricular apex pointed to the right side and the aorta was in front of the pulmonary artery with a dextrorotated aortic arch. Highlighting was used to graphically illustrate the left ventricular inflow tract (in yellow (LVIT)) and right ventricular inflow track (in blue (RVIT)) (b). In this case, the LVIT was inferior to the RVIT, and the criss-crossing of the two ventricular inflow tracks can be easily visualized. After sectioning the RV along the right side of the anterior interventricular and atrioventricular grooves (c), we observed that the aorta arose from the RV, the RVIT aligned from right-posterior to left-anterior position, the interventricular septum (IVS) was in horizontal position and a large ventricular septal defect (VSD) was evident. After sectioning the LV along the left side of the anterior interventricular and atrioventricular grooves, and stretching the IVS in an anterior and superior direction (d), we observed that the main pulmonary artery (MPA) arose from the LV, the pulmonary valve (PV) was significantly stenosed, the LVIT was aligned from the left-posterior to right-anterior position and a large VSD was confirmed. ATV, anterior cusp of tricuspid valve; LIA, left innominate artery; LIV, left innominate vein; MV, mitral valve; RCA, right carotid artery; RIV, right innominate vein; RSA, right subclavian artery; RVAW, right ventricular anterior wall; SVC, superior vena cava; T, trachea.
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In all five cases, the couple chose to proceed with elective termination of pregnancy after extensive counseling. Autopsy was performed on all five cases, and the diagnosis of CCH was confirmed in each instance. The characteristic pathological features of CCH are shown in Figure 3 . In four cases, amniocentesis revealed a normal karyotype; one patient declined karyotype analysis (Table 1 ).
Discussion
Although initially described in 1961, 1 the term 'criss-cross heart' (CCH) first appeared in the literature in two manuscripts published in 1974. 6, 7 Almost all published cases of CCH to date are from diagnoses made in neonates and children ranging in age from 1 month to 25 years. 8, 9 Here, we report five cases diagnosed prenatally and confirmed at autopsy.
CCH is caused by abnormal rotation of the ventricular mass along its long axis during embryonic development, while the ventricular loop and IVS are formed normally and the base of heart remains fixed (Figure 1 ). Anderson et al 6 proposed that the two most common types of CCH are generated by clockwise rotation of the ventricular mass along its long axis with complete TGA (Figure  1a and b) and counter-clockwise rotation of the ventricular mass along its long axis with corrected TGA (Figure 1c and d) , respectively. This abnormal rotation produces the spiraling IVS and malalignment of the atrial and ventricular septum, while the latter results in a large VSD below the AV valves. The orientation of the ventricular rotation often correlates with the AV connections. If the ventricles rotated clockwise, the AV connections tended to concordance and complete TGA and DORV may be combined. On the other hand, if the ventricles rotated counter-clockwise, the AV connections tended to discordance and corrected TGA and DORV may be combined.
Prenatal diagnosis of CCH is critical to provide accurate counseling to the couple and to plan for early postnatal surgery, if indicated. However, prenatal diagnosis is difficult, especially in the presence of other complex cardiac anomalies. By sweeping and tilting the ultrasound transducer from the upper abdomen in a cephalad direction, one can demonstrate the key sonographical features of CCH. These include: (1) an inability to obtain a 4CV at the standard transverse plane through the fetal chest; (2) an appreciation of the spatial atrial-ventricle connection with the IVS in a spiraling orientation; (3) orientation of the two ventricular inlets in a superior-inferior and crossing position; and (4) a 4C-like view seen in the sagittal plane of the fetal chest. Color Doppler ultrasound provides critical information by visualizing the 'crisscross' arrangement of the inflow tracts into the two ventricles simultaneously in the transverse plane of the fetal chest (Figure 2c ).
The prognosis for the fetus depends on the associated cardiac as well as non-cardiac anomalies. Isolated CCH with adequate fourchamber development may require only palliative surgery after birth. There are little data on long outcome. As previously reported, most cases of CCH are associated with other complex cardiac defects, and most cases diagnosed prenatally ended in elective termination of pregnancy (Table 1 ).
In the current case series, we described the characteristic sonographical and pathological features of CCH, and demonstrate that CCH can be accurately diagnosed prenatally. Although rare, accurate prenatal diagnosis will allow for more targeted counseling and will give couples options that may not be available after delivery.
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